INTRODUCTION
Although E. coli is a normal inhabitant of the human intestinal tract, pathogenic strains can cause traveller's diarrhoea, infant diarrhoea or neonatal colibacillosis of piglets and calves (Bray, 1945 ; Taylor et al., 1949; 0rskov and IZlrskov, 1966; Formal et al., 1971 ; Orskov et al., 1975) . Smith & Linggood (1971) demonstrated that these enterotoxigenic E. coli (ETEC), which exert their pathogenic effect in the proximal small intestine, must have accessory virulence properties in addition to enterotoxin in order to cause disease in piglets. This has also been clearly demonstrated in humans (DuPont et al., 1971) . The emerging picture is that the pathogenesis of ETEC strains is mediated through plasmids which determine adhesion to intestinal mucosa, as well as enterotoxin production (Evans et al., 1975; Burrows et al., 1976; Nagy et al., 1977; Evans & Evans, 1978; Gyles et al., 1978; Clancy & Savage, 1981) .
In contrast to the situation regarding enterotoxigenic strains of E. coli, relatively little information is available concerning the basis for colonization of the large intestine by normal faecal E. coli strains. However, microscopic evidence suggests that E. coli adheres to the mucussecreting brush border cells of human colon epithelium (Hartley et al., 1979) .
In a previous report, we were able to classify E. coli strains with respect to their ability to colonize the large intestine in streptomycin-treated CD-1 mice (Myhal et al., 1982) . For example, when E. coli K 12 or a human faecal E. coli strain were individually fed to streptomycintreated mice, each strain persisted indefinitely at a concentration of about 1-x lo8 cells (g faeces)-'. However, when E. coli K 12 organisms were fed to streptomycin-treated mice simultaneously with the human faecal strain, it retained, at most, 1 % of its individual colonizing ability. In contrast, the human faecal strain retained all of its individual colonizing ability.
Hydrophobic-interaction chromatography. Retention of bacteria on phenyl-Sepharose columns was measured as described by Jann et al. (1981) .
Isolation and characterization of outer membrane proteins. Outer membranes of E. coli strains F-17 S', F-17 S' T", and 55-3 were isolated by the method of Schnaitman (1974) . Following isolation, outer membranes were methylated using [3H]formaldehyde [2 pmol (mg protein)-', 65 pCi (2.4 MBq) pmol-'1 by the method of Jentoft & Dearborn (1 979). Tritium-labelled proteins were analysed on 10% (w/v) polyacrylamide slab gels as described pre\Jiously (Lynch et al., 1979) . Dried gels were fluorographed according to the procedure of Laskey & Mills (1975) . 3H-labelled vesicular stomatitis virus proteins (G, 69000 Dal; N, 50000 Dal; M, 29000 Dal) were used as molecular weight standards.
Media, antibiotics andplating efficiencies. L. broth was made as described by Revel (1967) and L agar is L broth containing 12 g Bacto Agar 1-l. Davis Minimal Broth (Difco) was supplemented with dextrose (1 g 1-l). Streptomycin sulphate and rifampicin, were purchased from Sigma. Antibiotic-resistant mutants all had equal plating efficienties on L agar and L agar containing the antibiotics to which they are resistant (100 pg streptomycin sulphate ml-' and 50 pg rifampicin ml-l).
Chemicals. 3H-Formaldehyde (65 mCi mmol; 2-4 GBq mmol-') was from New England Nuclear, Boston, Mass., U S A . Phenyl-Sepharose CL-4B and 2-keto-3-deoxyoctonate were from Sigma. All other chemicals were reagent grade.
RESULTS

Bacteriophage sensitivity and colonizing ability of E. coli F-17 Sr
Escherichia coli F-17 Sr was resistant to bacteriophages T2, T3, T4, T5, T6, and T7 by the coliphage biotyping test (see Methods). In addition, adsorption studies showed that E. coli F-17 S' adsorbed the bacteriophages very poorly (Table 1) . When E. coli F-17 Sr was fed to mice it colonized indefinitely at a level equal to that of other normal human faecal strains (i.e., approximately 1 x lo8 organisms (g faeces)-l (Myhal et al., 1982) ). The riP mutant of E. coli F-17 Sr also colonized at this level when fed to mice, alone or together with its S' parent ( Fig. 1 a) and was used in subsequent colonization experiments.
Bacteriophage sensitivity and colonizing ability of E. coli S' T s Escherichia coli F-17 Sr Ts was isolated as a T2-sensitive mutant of E. coli F-17 Sr (see Methods). Escherichia coli F-17 Sr Ts was sensitive to (as assessed by coliphage biotyping) the remaining members of the T-series of bacteriophages especially T2, T6, and T7 and the mutant also adsorbed these phages (Table 1) . When fed to mice together with E. coli F-17 S' rip, E. coli F-17 Sr Ts colonized at about 1 x los organisms (g faeces)-', whereas E . coli F-17 S' riP colonized at a level approximately four orders of magnitude lower ( Fig. 1 b) . In this test system, therefore, the bacteriophage sensitive mutant colonized to a level 10000-fold greater than the parent strain (Fig. lb) .
Plasmid profiles
Acriflavin, which was used in isolating E. coli F-17 S' Ts, is a plasmid curing agent (Mitsuhashi et al., 1961) . However, plasmid profiles of F-17 Sr and F-17 S' Ts were identical ( Fig. 2) , showing that plasmid loss was not involved in the change from bacteriophage resistance to sensitivity.
Growth studies
Standing cultures of E. coli F-17 Sr and E. coli F-17 Sr Ts were found to have identical generation times of 30min when grown either together or individually at 37°C in Davis Minimal Broth containing glucose as the carbon source (data not shown). This result showed that the mutation of F-17 Sr to T-phage sensitivity did not alter its simple nutritional requirements and that neither strain killed the other in mixed culture. It is therefore unlikely that the different colonizing abilities of the two strains are due to colicins or to metabolic differences. (Nikaido, 1973) . The amount of KDO (mg bacterial cell protein)-' therefore is in proportion to the amount of LPS present. By this criterion, E. coli F-17 Sr and E. coli F-17 Sr Ts had the same amount of LPS per cell (Table 2) .
Hexose :KDO ratio. A comparison of the ratio of hexose to KDO in E. coli F-17 Sr LPS to that of E. coli F-17 Sr Ts LPS was taken as a reflection of the relative average lengths of the O-sidechains of the two strains. As shown in Table 3 , the hexose to KDO ratio of the LPS of E. coli F-17 Sr was almost twice that of E. coli F-17 Sr Ts, suggesting that the average O-side-chain length of E. coli F-17 Sr Ts LPS was significantly less than that of E. coli F-17 Sr LPS.
SDS-PAGE ofE. coli F-I7 Sr and E. coli F-17 Sr T s LPS. It has recently been shown by PAGE that LPS purified from an E. coli strain is not homogeneous with respect to O-side-chain length (Goldman & Leive, 1980; Palva & Makela, 1980) . In fact, as many as 40 LPS components of different molecular weights have been observed in some cases (Goldman & Leive, 1980; Palva & Makela, 1980) PAGE was performed on E . coli F-17 s ' and F-17 Sr Ts purified LPS preparations. Escherichia coli F-17 Sr LPS contained significant amounts of both high and low molecular weight LPS molecules (Fig. 3) . Relatively few R type LPS molecules were observed. In contrast, E. coli F-17
Sr Ts LPS contained significant amounts of both R type and high molecular weight LPS molecules, but relatively few lower molecular weight LPS molecules (Fig. 3) . Escherichia coli 55-3, a K12 strain which only contains R type LPS, is also shown in Fig. 3 as a control. The fact that F-17 Sr Ts has large amounts of R type LPS probably accounts for the sensitivity of this strain to bacteriophages T3, T4, and T7, since only R type LPS molecules adsorb these bacteriophages (Lindberg, 1973) . Capsular material. Capsule dry weight, expressed as mg dry wt (mg protein)-', was taken as a reflection of the amount of capsular material. Escherichia coli F-17 Sr contained approximately twice as much capsule as E. coli F-17 Sr Ts (Table 4) . This finding may explain the sensitivity of F-17 Sr Ts and the resistance of F-17 Sr to bacteriophages T2, T5, and T6. These bacteriophages adsorb to the E. coli outer membrane (Braun & Hantke, 1981) and it is possible that the large amount of capsule on E. coli F-17 Sr prevents their adsorption. 
M . L. M Y H A L , P . S . COHEN A N D D . C . LAUX
Surface hydrophobicity. It is thought that the surface hydrophobicity of an E. coli strain plays a role in its ability to adhere to eukaryotic cells and therefore in its colonizing ability (Smyth et al., 1978) . We therefore determined relative surface hydrophobicities of E. coli strains F-17 Sr and F-17 S' Ts by hydrophobic interaction chromatography. The extent of hydrophobicity is assessed by retention on phenyl-Sepharose (Jann et al., 1981 ; Smyth et al., 1978) . In two experiments, the average percentage retention on phenyl-Sepharose of F-17 Sr and F-17 Sr Ts was 50 and 42, respectively. In contrast, E. coli K12 (K88ab), a positive control (Jann et al., 1981) , was retained to the extent of 76% and E. coli 55-3, a negative control, to the extent of 25%. It therefore appears that E. coli F-17 Sr and E. coli F-17 Sr Ts are similar in this respect, midway between very high and very low surface hydrophobicities.
Outer membraneproteins. The outer membrane proteins of E. coli F-17 Sr and E. coli F-17 Sr Ts were compared by PAGE (see Methods). The outer membrane protein profiles of the two strains were very similar (Fig. 4) . In some experiments, E. coli F-17 Sr Ts contained considerably less of a 18000 Dal protein, but this difference was not consistent (Fig. 4) . The outer membrane proteins of E. coli 55-3, a K12 strain, are also shown in Fig. 4 , as a reference.
DISCUSSION
In the present investigation, we have observed two major differences in the surfaces of E. coli F-17 Sr and E. coli F-17 Sr Ts. Firstly, E. coli F-17 Sr had about twice as much capsular material as E. coli F-17 Sr Ts. Secondly, the mutant differed markedly from the parent strain in content of LPS 0-specific side-chains. Escherichia coli F-17 Sr Ts lacked many of the lower molecular weight side-chains that were present in F-17 Sr. However, E. coli F-17 Sr T" contained many R type LPS molecules, which were not present on E. coli F-17 Sr.
Pleiotropic membrane effects have been observed previously among E. coli LPS mutants. For example, E. coli K12 strains, resistant to bacteriophages T3, T4, and T7 have been isolated and shown to be LPS heptose-deficient mutants whose outer membrane protein composition has also been affected (Havekes et al., 1976) .
The extent to which observed surface differences are involved in the increased mouse colonization ability of E. coli F-17 Sr Ts relative to E. coli F-17 Sr is at present unknown. It should be mentioned, however, that LPS has recently been implicated in the adhesion of a nonpiliated clinical strain of Shigellajlexneri 1 b to guinea pig colonic epithelium (Izhar et al., 1982) . Clearly, more research is needed to identify the relative importance of LPS and capsule in the E. coli colonization of the large intestine. 385, 1-9.
